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atDCS modulates attentional gain control 4 Segev, 2015; Molaee-Ardekani et al., 2013) . In this regard, non-invasive brain stimulation methods in humans is of particular relevance. It is known that by applying weak (0.5 to 2 mA) constant direct current between electrodes mounted on the scalp, transcranial direct current stimulation (tDCS) influences brain electrical fields, which in turn modulate cortical excitability and synchronized activations between brain regions (e.g., Keeser et al., 2011; Meinzer et al., 2013; Reinhart et al., 2017; see Filmer et al., 2014; Polanía et al., 2018 for reviews) . Specifically, studies about stimulating human motor cortex revealed that anodal tDCS facilitates, while cathodal tDCS reduces excitability ( Paulus, 2001, 2000) ). Stimulations lasting for a few seconds seem to induce mainly changes in membrane potentials, while longer-lasting stimulations for a few minutes induce changes in cortical excitability, which remain stable for about one hour or longer (see Kuo and Nitsche, 2015) . Of note, a recent empirical study using in vitro intracellular recordings in rats' motor cortex shows that applying weak direct electric current boosts the gain of ongoing synaptic dynamics and co-activation between synaptic inputs (Rahman et al., 2017) . Thus, tDCS could be another means to alter attentional gain control in resolving attentional-perceptual conflicts, in addition to the previously reported neurotransmitter effects (Adelhöfer et al., 2018; Li et al., 2013) . The specific aim of this study was thus to utilize anodal tDCS to enhance cortical excitability in order to causally investigate the role of the attentional network in resolving attentional-perceptual conflict during auditory processing. Anodal tDCS applied over frontoparietal regions has previously been shown to enhance attention and executive control functions (Keeser et al., 2011; Meinzer et al., 2013; Nelson et al., 2014) . Importantly, processes of resolving cognitive conflicts (e.g., stimulus or stimulus-response conflicts) have been associated with middle and inferior frontal regions ( (Schreiter et al., 2018b) ; Peschke et al., 2016; Wendelken et al., 2009) . Furthermore, these areas have also been shown to implicate enhanced selective attention for processing auditory signals with lower perceptual saliency (cf., Westerhausen et al., 2010; Passow et al., 2014) . Hence, we applied right frontal anodal tDCS (atDCS) to investigate the causal role of these regions in resolving perceptualattentional conflicts and how atDCS modulates associated neurophysiological processes.
On a neurophysiological level, the degree of conflict between attentional focus and perceptual saliency modulates the amplitude of the N450 ERP component (S. Passow et al., 2014) ). However, it is important to consider that conflict-related ERP components have been shown to reflect a mixture of processes, including: sensory processing, perception, response selection, and response execution (Folstein & Van Petten, 2007; (Mückschel et al., 2017a) ). Importantly, recent data suggest that only some of these intermingled perceptual, response selection, and response execution processes are differentially affected by factors that influence neuronal gain control, such as actions of the catecholamine system (Adelhöfer et al., 2018; (Mückschel et al., 2017a) ). Thus, to more specifically address the issue that atDCS may also differentially affect neurophysiological correlates of sub-processes that constitute attentional-perceptual conflict resolution, we decompose the EEG data using residue iteration decomposition (RIDE) (Ouyang et al., 2017 (Ouyang et al., , 2015 , which has also been shown to be effective in distinguishing intermingled subprocesses that occur during conflict monitoring (Mückschel et al., 2017b (Mückschel et al., , 2017a Schreiter et al., 2018a; Wolff et al., 2017) . Importantly, stimulus-related processes (e.g., sensory encoding, sensory selection, and perception) are then reflected by the so-called S-cluster, whereas intermediate processes like top-down attentional control and response selection are reflected by the Ccluster, and motor execution processes by the R-cluster. Although the S-cluster might seem to be a natural candidate for prefrontal atDCS-induced modulation of perception, recent evidence suggested that effects of top-down attentional control in resolving the attentionalperceptual conflict rather implicate processes reflected in the C-cluster in the N450 time window (Adelhöfer et al., 2018) . Furthermore, the C-cluster has repeatedly been shown to be M A N U S C R I P T
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atDCS modulates attentional gain control 5 involved during conflict resolution processes (Bluschke et al., 2017; Schreiter et al., 2018a) . These considerations led to the following hypotheses: We hypothesized that applying prefrontal anodal tDCS would mainly modulate the C-cluster. Since atDCS facilitates cortical excitability, we further anticipated that the amplitude of the C-cluster in the N450 time window would be increased, indicating an atDCS-induced boost of attentional gain control for conflict resolution. Furthermore, since the necessity for deploying top-down attention increases proportionally with the degree of conflict between attentional focus and perceptual saliency (S. Passow et al., 2014) , we expected that the atDCS-induced boost of attentional gain control for resolving attentional-perceptual conflict at the brain and behavioral levels depends on the degree of such conflict. Regarding the functional neuroanatomical structures implicating such modulations, we hypothesized that regions in the right frontal cortex encompassing the middle and inferior frontal gyrus would be associated with these effects, given the involvements of these regions in resolving stimulus-response conflicts (Peschke et al., 2016; (Schreiter et al., 2018a); Wendelken et al., 2009) and in resolving conflicts between attentional focus and perceptual saliency (cf. Westerhausen et al., 2010) .
Methods

Participants
A total of N=32 right-handed, healthy participants aged between 20 and 30 (mean age 24.7, 18 female) participated in the study. The study is sufficiently powered to detect small to medium effects. Specifically, we conducted a sensitivity analysis using G*Power (Faul et al., 2007) by considering a power of at least 80% and a type 1 error level of 5%. With our sample size of 32 participants in the used study design the analysis revealed that an effect size of f = .21 (or equivalent to an effect of η p 2 = .045) is detectable. Note that the actually observed effect sizes in our data were much larger than this level (see the results section). Participants who took regular medication or other drugs or who were non-German native speakers were excluded on the basis of a screening questionnaire prior to the study. In addition, all participants completed a test of hearing acuity using an audiometer (MAICO MA 33 KL; Diatec Diagnostics GmbH, Dortmund, Germany). Exclusion criteria were pure-tone hearing thresholds above 35 dB HL at the frequencies of 250, 400, 1000, 2000 and 3000 Hz and interaural threshold differences larger than 10 dB in any the tested frequency ranges (Adelhöfer et al., 2018; Susanne Passow et al., 2014) . Participants received written instructions about the procedure of the study prior to the first appointment. The experiment sessions were carried out according to the Declaration of Helsinki and approved by the local Ethics Committee of TU Dresden. All participants gave written informed consent before study participation and received financial remuneration of 50€ after completing the experiment sessions.
2.2.
Offline anodal tDCS stimulation In order to non-invasively modulate cortical excitability in the frontal-partial network, we applied atDCS over the right frontal regions by placing the electrode covered with a salinesoaked surface sponge (5 x 5 cm) on the crossing point of electrode positions Fz-T4 and Cz-F8 (cf. Ditye et al., 2012; Cunillera et al., 2016 ) using a NeuroConn DC-Stimulator MR. The stimulation site was selected based on results from a prior functional brain imaging (fMRI) study (Westerhausen et al., 2010) , which showed that when auditory attention conflicted with perceptual saliency, increased activities in various regions in the fronto-parietal network including right (middle) and inferior frontal gyrus were observed. The reference electrode covered with surface sponge was placed over the left deltoid muscle, since an extracephalic reference would allow for robust prediction of cortical modulation with little dependence on the location of the reference electrode (Im et al., 2012) . With cortically placed reference M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT atDCS modulates attentional gain control 6 electrodes, it is always an issue whether the placement of the reference electrode has also a modulatory effect. Consequently, it needs to be assured that the cortical regions beneath the reference electrode do (most likely) not play a role in the cognitive processes being examined/modulated. Since previous fMRI results (Westerhausen et al., 2010) showed increased activations in various regions in the fronto-parietal network including right (middle) and inferior frontal gyrus when auditory attention conflicted with perceptual saliency, we thus considered that the most secure option is to use an extracephalic reference (cf. Im et al., 2012) . Moreover, on the basis of simulations, it has been recommended that the distance between electrodes during tDCS stimulation should be at least 8 cm (DaSilva et al., 2011; Wagner et al., 2007) . This is not warranted with a placement of the anode at the abovementioned site and a cathode placement at supraorbital regions. More information and simulation results of the electrical field induced by the anode in the right dorsolateral prefrontal cortex (including the middle and inferior frontal gyrus) can be found in the supplemental material (cf. supplemental Figure 1 ). In the stimulation session, prior to having the participants performing the intensity modulated dichotic listening task, we applied a current of 2 mA which lasted for 20 minutes with fade-in and fade-out of 15 seconds each. In the sham session, only 30 seconds of full current was applied. We varied the conditions with atDCS and the control sham stimulation using a within-participant cross-over design, with the order of the sessions counter-balanced across participants. The atDCS and sham stimulation sessions took place on two separate days, the duration between the sessions was 7 ± 1.5 days.
Procedure and task
After preparing the tDCS and EEG setups and applying a 20-min, offline atDCS or sham stimulation (depending on session), the participants began to perform an intensity-modulated, focused-attention dichotic listening paradigm programmed in E-Prime (Version 2.0; Psychology Software Tools, Inc.), as used in the previous studies (Adelhöfer et al., 2018; Susanne Passow et al., 2014) . A pair of either voiced (/ba/, /da/, /ga/) or unvoiced (/pa/, /ta/, /ka/) consonant-vowel (CV) syllables was presented dichotically to both ears. Only syllables with the same voicing were combined, thus resulting in 12 different dichotic CV syllable pairs. The stimuli were recorded from a young adult male speaker and lasted 400 ms on average. Both syllables were presented with the same onset via foam insert-earphones (ER 3A Insert Earphone; Etymotic Research, Inc., Elk Grove Village, IL). The volume in dB was adjusted individually according to the formula (LE 500 + RE 500 )/2 + 65 dB, where LE and RE, respectively, denote left ear and right ear hearing thresholds in dB, and the index 500 denotes frequency of 500 Hz. We manipulated perceptual saliency by reducing the stimulus volume in the left-ear (LE) channel in one third of trials and in the right-ear (RE) channel in another third of trials by 15 dB, and in the final third of trials the volume was the same for both ears. In addition, we manipulated attentional focus independently by instructing participants to report only the syllable presented to a certain ear. Participants also completed a neutral focused condition in which they should attend to both years and report the syllable they heard most clearly (Figure 1 shows a schematic diagram of the task). Both manipulations together then resulted in three levels of perceptual-attentional conflict: Conflict was low when perceptual saliency and attentional focus favored the same ear, conflict was high when saliency and focus favored opposing ears, and medium when there was no salience difference between channels while participants had to focus on either ear's input.
-
The neutral focused blocks were presented separately before the focused blocks in order to avoid carry-over effects (Hiscock & Stewart, 1984) . Responses were registered using a standard PC keyboard with QWERTZ layout. The buttons d, f, g, j, k, l had to be pressed for M A N U S C R I P T
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atDCS modulates attentional gain control 7 /ba/, /da/, /ga/, /pa/, /ta/, /ka/ syllables, respectively. When there was a match between the syllable presented in the relevant channel and the response (i.e. key pressed), this was rated as a correct answer. Response times (in ms) were defined as the time between stimulus offset and keypress. At the beginning of each trial, a central fixation cross and the assignment of response keys was displayed on the screen. The dichotic presentation of syllables started after a jittered interval varying between 1000 ms and 1500 ms. Responses were counted until 2000 ms after stimulus offset. Therefore, the duration of each trial ranged between 3500 and 4000 ms. Each condition of attention focus consisted of an equal number of trials in each of the stimulus pair by stimulus salience combination. Trials were pseudorandomized and the same pseudorandomized trial order was used for all participants. Forced attention blocks were presented in two orders, ABBABAAB and BAABABBA (A: focused right, B: focused left). The order of blocks was counterbalanced across participants and gender. Moreover, it was ensured that the order of blocks was counterbalanced across participants starting the experiment with the atDCS or with the sham session. Between blocks, participants were able to take breaks. Altogether, the experiment consisted of 648 trials and lasted about 45 minutes. For task familiarization, participants practiced in 15 neutral focused trials prior to the experiments.
EEG data acquisition and analysis
Altogether 60 Ag-AgCl electrodes arranged in an equidistant setup were used to measure electrical activity on the scalp at the sampling rate of 500 Hz. The reference electrode was located at electrode Fpz. Preparation of the electrodes ensured that impedances were below 5 kΩ. The software BrainVision Recorder (Brain Products Inc.) was used for data recording.
After data acquisition, EEG data were preprocessed for later statistical analysis using the Brain Vision Analyzer II software package (Brain Vision Inc.). At first, data were filtered (0.5-20 Hz, 48 dB/oct). Then, gross technical artifacts were rejected during a manual raw data inspection. An independent component analysis (ICA, infomax algorithm) was conducted to correct repetitive physiological artifacts like blinks, horizontal eye-movements and pulse artifacts. The components were discarded before back-projecting the data. If channels showed a flatline (e.g. because of electrode malfunction), they were removed before the ICA step and topographically interpolated afterwards. In order to analyze EEG components, the continuous data was transformed into segments relative to stimulus onset (in the time window from -100 ms to 1000 ms) separately for each experimental condition combination. All segments underwent another automatic artifact rejection procedure (rejection criteria: maximal allowed voltage step 50 µV/ms; maximal allowed difference of values in 200ms intervals 200 µV; lowest allowed activity in 100ms intervals: 0.5 µV). This artifact rejection procedure eliminated 12 (± 9) trials. The remaining segments were current source density transformed. This transformation yields a reference-free version of the data and acts as a spatial filter (Kayser and Tenke, 2015; Nunez and Pilgreen, 1991) . As a result, the unit of the electrophysiological data is µV/m 2 . Importantly, the transformation makes it easier to detect electrode sites revealing strongest effects between experimental manipulations. The interval between -100 ms and 0 ms relative to stimulus onset was used for baseline correction. After these preprocessing steps, the segments were exported to MATLAB for the subsequent analyses using RIDE decomposition.
Residue iteration decomposition (RIDE) analysis
In classical statistical EEG analysis, characteristic peaks and latencies of averaged segments are quantified (i.e. components). However, the component latencies may vary intraindividually which in turn smears averages if this variability is not accounted for. Using a similar experimental task, we recently showed the importance of accounting for intraindividual variability in order to identify process-specific effects influenced by M A N U S C R I P T
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atDCS modulates attentional gain control 8 catecholaminergic modulation of neuronal gain control (Adelhöfer et al., 2018) . Therefore, in this study we focus our analyses only on decomposed EEG data using the RIDE method (Ouyang et al., 2011) with established protocols (Mückschel et al., 2017a) .
In short, RIDE decomposes single trial ERP data into a stimulus cluster which is timelocked with stimulus onset (S-cluster), a response cluster time-locked with the participant's response (R-cluster) and a central cluster (C-cluster). The central cluster is not time-locked with external events and thus needs to be derived iteratively (Ouyang et al., 2017 (Ouyang et al., , 2015 . To estimate the C-cluster, RIDE uses a self-optimized iteration scheme. First, the initial latency of the C-cluster is estimated using a time window function. Then, the S-cluster is removed iteratively, and the latency of the C-cluster is re-estimated based on a template matching approach until convergence of the initial latency estimation of the S-and C-cluster. This process is repeated until the steps between two iterations fall below a pre-specified value. The time-windows for each cluster need to be specified in advance such that relevant components are contained within each window. In this study, we selected the time window for the Scluster from -100 ms to 500 ms relative to stimulus onset, for the C-cluster from 100 ms to 800 ms relative to stimulus onset and for the R-cluster ± 300 ms relative to the button press onset. This procedure was also used in our recent study, which applied the same experimental paradigm to investigate effects of dopamine pharmacological interventions on auditory attention (Adelhöfer et al., 2018) . It is important to note that the spatial filtering applied in the CSD transform step does not violate assumptions of RIDE (Ouyang et al., 2015) . Each of the different clusters was quantified at the level of single participant. Electrodes for data quantification were selected based on a visual inspection of the grand averages of the data (i.e. averaged across all participants for each condition). The electrodes sites and time windows selected for data quantification are summarized in Table 1 . The choice of electrodes was additionally validated using a statistical procedure described by Mückschel et al. (2014) . In this procedure, mean amplitude values were extracted for each electrode in the specified time windows. Values for each electrode were tested against an average of all others with a Bonferroni-corrected critical p threshold of .0007. All electrodes that passed this test matched those that were selected upon visual inspection.
. Source localization analysis (sLORETA) Significant effects found in the RIDE data can be source localized with the standardized low resolution brain electromagnetic tomography (sLORETA) (Chmielewski et al., 2018) . The sLORETA algorithm offers a linear solution to the inverse problem (i.e. depth localization from surface signals) without localization bias (Marco-Pallarés et al., 2005; Pascual-Marqui, 2002; Sekihara et al., 2005) . sLORETA needs a pre-specification of the used electrodes that is based on standard coordinates according to the 10/10 or 10/20 system. The standardized current density was calculated for each voxel (5 mm edge length, 6239 voxels) in the grid of the standard MNI152 template (Fuchs et al., 2002) . The grids of sham and stimulation sessions were contrasted statistically using nonparametric mapping (built-in sLORETA voxel-wise randomization test with 2,500 permutations; p < .01, corrected for multiple comparisons). Voxels with significant differences between sham and stimulation sessions were then plotted in the MNI brain (www.unizh.ch/keyinst/NewLORETA/sLORETA/sLORETA.htm). The validity of sources estimated via sLORETA analysis using standard (i.e. not co-registered/measured) electrode coordinates has been corroborated by evidence from fMRI and MEG, EEG/ TMS-studies (Dippel and Beste, 2015; Sekihara et al., 2005) . This is also the case even in the presence of noise in the data (Wagner et al., 2004) .
M A N U S C R I P T A C C E P T E D
ACCEPTED MANUSCRIPT atDCS modulates attentional gain control 9
Statistical analysis
Experimental factors manipulated in this experiment were "tDCS" (sham or anodal stimulation), attention "focused side", i.e. focused left ear (FL) or focused right ear (FR) and "level of conflict" (low, medium and high; see above for descriptions about the three conflict conditions). Behavioral outcome measures are reaction times (RTs), hit rates (accuracy) and the inverse efficacy score which is calculated as RT divided by hit rate (Townsend & Ashby, 1983) . Separate repeated measures ANOVAs were calculated for each outcome variable. All degrees of freedom are corrected according to Greenhouse-Geisser. All statistical analyses were conducted with the SPSS 22 software. Post-hoc tests were Bonferroni-corrected (p < .05). The RIDE cluster data (i.e., amplitudes of the S-cluster, C-cluster and R-cluster in corresponding selected time windows) were also analyzed using the same procedure. However, the factor "electrode" was included as an additional within-subject factor whenever necessary.
Results
Behavior: accuracy and reaction time
The behavioral results of this experiment are shown in Figure 2 . ANOVA results of hit rates revealed a main effect "level of conflict" (F(2,62) = 163.85; p < .001; η p 2 = .841). Specifically, in line with earlier findings ((S. Passow et al., 2014) ), participants responded least accurate when the levels of conflict between attention focus and perceptual saliency was high (37.2% ± 4.6) and the most accurate under the condition when conflict was low (70.4% ± 3.7), with the accuracy for the medium conflict level in between (54.4% ± 3.5). It should be noted that chance level in this task is at 16.7% (one correct syllable out of six possible answers), thus even in the high conflict condition the participants still performed above chance. In addition, the main effect "focused side" was significant (F(1,31) = 26.75; p < .001; η p 2 = .463). Participants responded less accurately in the FL condition (47.9% ± 3.5) than in the FR condition (60.2% ± 4.5). This is in line with previous results (Adelhöfer et al., 2018) and the commonly observed right-ear advantage in auditory lexical tasks (Hugdahl and Davidson, 2003) . The factors "level of conflict" and "focused side" interacted with each other (F(2,62) = 4.14; p = .027; η p 2 = .118). For an interpretation of these interactions, see the data on the inverse efficiency score in the next section. All other main or interaction effects concerning hit rates were not significant (all F ≤ 2.02; p ≥ .157; η p 2 ≤ .061).
Paralleling the results of accuracy, results of the ANOVA of the RT data revealed a main effect "level of conflict" (F(2,62) = 58.37; p < .001; η p 2 = .653), with RTs increasing from the low (456 ± 50 ms) to the medium (567 ± 61 ms) and the high conflict condition (651 ± 75 ms). All conditions differed from each other (p < .001). There also was a main effect "focused side" (F(1,31) = 27.57; p < .001; η p 2 = .471), with longer RTs in the FL (593 ± 66 ms) than in the FR condition (524 ± 55 ms). Again, this effect of focused side on RT is in line with rightear advantage of audio-lexical processing. There were no other main or interaction effects concerning reaction times (all F ≤ 1.59; p ≥ .217; η p 2 ≤ .049).
atDCS enhances the efficiency of resolving attentional-perceptual conflict
However, to examine the overall task performance it is not sufficient to analyze response accuracy and response speed independently. The inverse efficacy score (IES) has the advantage that RT and accuracy can be combined and represented in a single quantity (Townsend & Ashby, 1983) . A higher IES value denotes less efficient task performance. Results of the ANOVA of this score revealed a significant main effect "level of conflict" M A N U S C R I P T
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atDCS modulates attentional gain control 10 (F(2,62) = 46.14; p < .001; η p 2 = .598). Participants responded less efficiently the higher the level of conflict was (low: 6.75 ± 0.87; medium: 11.44 ± 1.54; high: 22.00 ± 4.52). All conditions differed from each other (p < .01). Another main effect was found with the factor "focused side" (F(1,31) = 26.01; p < .001; η p 2 = .456). Lower response efficiency was observed in the FL (16.32 ± 2.96) compared to the FR condition (10.47 ± 1.53), again agreeing with the right-ear advantage of verbal auditory processing. In addition, there are several significant interactions suggesting atDCS-induced effects: first an interaction "tDCS" × "level of conflict" (F(2,62) = 4.94; p = .029; η p 2 = .137) and secondly, an interaction "tDCS" × "focused side" (F(1,31) = 5.88; p = .021; η p 2 = .159). Most importantly, the threeway interaction involving "tDCS" × "level of conflict" × "focused side" was observed (F(2,62) = 4.92; p = .030; η p 2 = .137). The post-hoc power analysis for this effect revealed a power of 92%. Post-hoc tests reveal that the atDCS-induced effect on response efficiency is only evident in the high conflict condition when attention was focused on the left ear (t(31) = 2.38; p = .012); all other conditions were not significant (t's ≤ 1.22; p > .21). In the FL high conflict condition, responses were less efficient in the sham (30.15 ± 4.09) compared to the anodal stimulation condition (24.55 ± 2.78). Due to the right-ear advantage, the high conflict condition with left-ear attention focus is the most demanding for attentional control.
Effects of atDCS on decomposed neurophysiological data of the S-cluster
Results of the S-cluster are shown in Figure 3 . In the time window of the P1 component, the S-cluster revealed no significant main or interaction effects of the factors "electrode position" (i.e. C5 or C6), "tDCS", "level of conflict" or "focused side" (all F ≤ 2.88; p ≥ .067; η p 2 ≤ .085). These same electrode sites were also used in a previous study examining effects of dopamine pharmacology in exactly the same experimental paradigm (Adelhöfer et al., 2018) . In contrast, in the N1 time window there was a main effect "electrode position" (F(1,31) = 5.96; p = .021; η p 2 = .161), with higher amplitudes measured at position C5 (-14.96 ± 3.33 µV/m 2 ) than C6 (-10.85 ± 2.97 µV/m 2 ). A main effect for the factor "level of conflict" (F(2,62) = 8.25; p = .001; η p 2 = .210) was also found in the N1 time window: higher conflict was associated with larger amplitudes (-12.18 ± 2.91 µV/m 2 , -12.27 ± 2.76 µV/m 2 , -14.28 ± 2.52 µV/m 2 for low, medium and high conflict, respectively). Of interest, a three-way interaction of "electrode position" × "tDCS" × "level of conflict" was evident (F(2,62) = 8.01; p = .001; η p 2 = .205). Investigating this effect further, we calculated separate ANOVAs for the two electrode positions, focusing on the two-way interaction "tDCS × level of conflict", which was evident at electrode position C6 (F(2,62) = 4.15; p = .022; η p 2 = .118), but not at C5 (F(2,62) = 1.11; p = .337; η p 2 = .034). At C6, a significant tDCS effect is only evident in the high conflict condition (t(31) = -2.69; p = .011; all other t's ≤ .97). In this condition, amplitudes were larger in the sham (-11.87 ± 1.44 µV/m 2 ) than in the anodal stimulation condition (-8.3 ± 1.93 µV/m 2 ). Thus, tDCS stimulation seems to alter neurophysiological processes at the stimulus-processing level in situations when conflict between attentional selection and perceptual salience is high. The atDCS-induced effect here seems not to mirror the behavioral results. However, the amplitude of the S-cluster in the N1 time window might reflect sensory conflict between syllables presented to both ears. We will return to this interpretation in the discussion section.
-------------------------------Insert Figure 3 about here --------------------------------
Effects of atDCS on decomposed neurophysiological data of the C-cluster
Results of the C-cluster are shown in Figure 4 . For the central cluster, we analyzed amplitudes in the N450 time window from the electrode at position FC4 according to visual inspection and statistical validation (see end of section 2.5). A main effect "level of conflict" was found M A N U S C R I P T
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atDCS modulates attentional gain control 11 (F(2,62) = 5.55; p = .011; η p 2 = .152). Smallest amplitudes were measured in the medium conflict condition (-6.58 ± 1.72 µV/m 2 ) followed by low conflict (-7.58 ± 1.94 µV/m 2 ) and high conflict condition (-9.10 ± 2.27 µV/m 2 ). All conditions differed from each other (p < .01). Larger amplitudes of the C-cluster in the N450 time window in the high conflict situation were also found previously in the same paradigm (Adelhöfer et al., 2018a; Susanne Passow et al., 2014) , further validating that this paradigm allows assessments of processes of perceptual and attentional conflicts. Most importantly, a significant three-way interaction "tDCS" × "level of conflict" × "focused side" was obtained (F(2,62) = 3.15; p = .050; η p 2 = .092) and the post-hoc power analysis revealed power above of 90%. Further analysis of this effect revealed that there was only a significant tDCS effect in the FL, high conflict condition (t(31) = 1.76; p = .045; all other t's ≤ .62). This result parallels the behavioral findings with respect to the IES score. Thus, behavioral findings of atDCS-induced effects being observed in the condition most demanding for attention control are reflected in N450 amplitude in the C-cluster. Furthermore, the sLORETA analysis (Figure 4 , right panel) revealed that the amplitude differences of the C-cluster in the N450 time window between the sham and the anodal tDCS stimulation in the FL high conflict condition were due to activation differences in the right middle/inferior frontal gyrus (Brodmann Area 46).
-------------------------------Insert Figure 4 about here --------------------------------Notably
, it has been shown that when stimulating the DLPFC (including the right inferior frontal regions) by using TMS, the sLORETA source estimation for the neurophysiological effects exactly match the stimulated site in the prefrontal cortex (Dippel and Beste, 2015) . This is important in the context of the current study in which right inferior and middle frontal regions are also shown to be associated with tDCS effects at the neurophysiological level. It should also be underscored that there is a clear match between the obtained sources and the electrical field simulations shown in the supplemental Figure 1 (see Supplemental Material). Thus, even taking into account the limitation of EEG source localization regarding spatial specificity, this is much less of an issue for regions involved in the current task.
No effects of atDCS on decomposed neurophysiological data of the R-cluster
The amplitudes in the R-cluster were quantified from -30 ms to 30 ms around the mean RT in each condition. ANOVA results showed no significant main or interaction effects (all F ≤ 2.53; p ≥ .111; η p 2 ≤ .075).
Figures showing results of the R-cluster are shown in the supplemental Figure 2 (see Supplemental Material). Therefore, it is unlikely that motor response-related processes are affected by atDCS, the laterality of focused ear (i.e., FL or FR), level of perceptual-attentional conflict or any interaction of these factors.
Discussion
The goal of the current study was to provide causal mechanistic insights for whether and how prefrontal regions are involved in resolving attentional-perceptual conflicts. To this end, we applied atDCS and examined neurophysiological processes of selective auditory perception. To evaluate whether atDCS differentially affects intermingled neurophysiological subprocesses involved during conflict resolution, we decomposed the EEG data using residue iteration decomposition (RIDE). As expected, we have shown that when auditory perceptual saliency conflicts with attentional focus, applying atDCS over the right prefrontal cortex enhances the efficiency in resolving attentional-perceptual conflicts. Furthermore, the atDCSinduced performance boosting effect depends on the demand for deploying top-down attentional control, which is particularly demanding in the high conflict condition with a leftear attention focus. Compared to other experimental conditions in the study, this situation is the most demanding for selective attention (Adelhöfer et al., 2018; (S. Passow et al., 2014) because the left-ear disadvantage of lexical auditory processing (see Hugdahl and Davidson, 2003) further increases the need for attentional gain control in resolving attentional-perceptual conflict. The beneficial effects of atDCS observed at the behavioral level are mirrored by effects observed in neurophysiological and functional anatomical correlates of conflict resolution. Taken together, these findings of atDCS helps resolving auditory perceptionalattentional conflicts both at the behavioral and neuropsychological levels are novel, which shed new lights into mechanisms of regulating cortical excitability as a means of attentional gain control, in addition to the more commonly investigated transmitter-mediated neuromodulatory gain control. These results may have clinical implications for treating attentional hyperactivity disorder, for which pharmacological intervention is still a common therapeutic approach. Below we discuss the main findings in more details.
atDCS enhances prefrontal control mechanisms for resolving attentional-perceptual conflict
Parallel with the beneficial effects at the behavioral level, atDCS specifically increases the amplitude of the decomposed C-cluster in the time window of the N450 ERP component. Previous findings indicate that the C-cluster reflects top-down conflict resolution and response selection processes. Like the results at the behavioral level, the effect of atDCS on the C-cluster was specifically observed in the condition that was attentionally most demanding (i.e., when perceptual saliency conflicted with left-ear attention focus). Furthermore, source analyses of the EEG data could localize the effect of atDCS on the Ccluster to a region in the right frontal cortex (Brodmann Area 46), covering the right middle and inferior frontal gyrus. This effect of atDCS in upregulating cortical activity is specific to the C-cluster, but not to the clusters reflecting early sensory or motor response processes (i.e. the S-cluster and the R-cluster, respectively). Together, these results establish the role of the right middle and inferior frontal gyrus in implicating attentional gain control of perceptual saliency between competing sensory inputs of different intensity to help resolving the conflict between attentional focus and perceptual saliency. This finding extends previous findings showing that the middle and inferior frontal gyrus are involved in stimulus-response monitoring and resolution of conflicts (Peschke et al., 2016; (Schreiter et al., 2018a) ; (Wendelken et al., 2009; Westerhausen et al., 2010) ). The C-cluster has been suggested to reflect the decision process between stimulus evaluation and responding (Verleger et al., 2014; Wolff et al., 2017) . Interestingly, the resolution of conflicts and response selection under conflict relies in part on the strengthening of inhibitory control (i.e. the suppression of interferences) (Klein et al., 2014; Ocklenburg et al., 2011; Stürmer et al., 2000; Verleger et al., 2009 ). This is supported by human (Tandonnet et al., 2011; Taylor et al., 2007) and animal studies (Cisek and Kalaska, 2005) , and it has been shown that lateral prefrontal regions play an eminent role in the selection and inhibitory processes (Aron et al., 2004 (Aron et al., , 2003 Chamberlain et al., 2009; Chikazoe et al., 2007; Garavan et al., 1999; Hampshire et al., 2010; Munakata et al., 2011) . It is possible that atDCS strengthens these processes and thereby enhances the resolution of attentional-perceptual conflict.
Although previous findings from an fMRI study (Westerhausen et al., 2010) showed increased activation in a fronto-parietal network including lateral prefrontal regions when attentional focus conflicted with auditory intensity, the atDCS-induced activity boosting observed here provides evidence for a causal role of regions in the prefrontal cortex in resolving perceptual-attentional conflict. This result also goes beyond previous evidence only showing effects of changing attentional focus on neural activities in the auditory cortex (Brechmann et al., 2002; Ding et al., 2014; Jäncke et al., 1998; Kerlin et al., 2010; Petkov et al., 2004; Woldorff et al., 1999) . A possible reason for the involvement of BA46 can be gleaned from previous work examining the modulation of neuronal gain control on selective attention for conflict resolution using methylphenidate (a dopamine/norepinephrine receptor M A N U S C R I P T
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atDCS modulates attentional gain control 13 blocker; Skirrow et al., 2015; Volkow et al., 1999) in exactly the same task. A modulation of the C-cluster in the N450 time window was also revealed, and again in the most demanding condition. However, the temporo-parietal juncture (BA40) and the superior parietal cortex (BA7) were associated with these effects (Adelhöfer et al., 2018 ) that were also due to latency modulations. Combing these previous results with the results from the current study, it seems that neuronal gain control of perceptual-attentional conflict resolution affects neural activation in the fronto-parietal network, and that different functional neuroanatomical entities are able to mediate these effects. Furthermore, different means of manipulating the neuronal gain control affect these mechanisms differentially. Future studies should therefore compare effects of tDCS over different regions in the fronto-parietal network and contrast these effects with effects of transmitter-mediated gain control. The lack of interactive effects in the Rcluster suggests that processes related to motor response execution are not differentially modulated, which is in line with previous findings examining how perceptual-attentional conflicts are resolved (Adelhöfer et al., 2018) .
atDCS alters early processing sensory conflict
As anticipated, the decomposed clusters of EEG data are differentially affected by atDCS. As for processes reflected in the S-cluster, we observed a different effect of atDCS in the P1 and N1 time windows. Like response execution processes, processes of sensory encoding during the P1 time window were also not affected by attention focus, conflict level, atDCS or their interactions. However, the amplitude of the S-cluster in the N1 time window was modulated by conflict level and atDCS, but not further by the factor "focused side". This effect of atDCS modulation of the S-cluster in the N1 time window does not parallel the behavioral pattern of effects. Previous findings examining the modulation of neuronal gain control on selective attention for conflict resolution using methylphenidate also revealed no effects in the S-cluster that could explain the behavioral data (Adelhöfer et al., 2018) . However, the data show that prefrontal atDCS nevertheless modulates early attentional selection processes. Larger amplitudes of the N1 ERP-component have been found to be associated with increased perceptual conflict or stimulus incongruency ( (Beaucousin et al., 2013) ) and conditions associated with attenuated dopaminergic modulation, such as Parkinsonism (Gulberti et al., 2015) and aging (Stothart and Kazanina, 2016) . Importantly, anodal tDCS likely facilitates neural excitability Paulus, 2001, 2000) . Against the background of findings showing that larger N1 amplitudes are associated with increased perceptual conflict or stimulus incongruency (Beaucousin et al., 2013) , the reduction of N1 amplitudes in the atDCS compared to the sham condition suggests that the processed perceptual conflict is smaller in the atDCS than in the sham condition. Vice versa, greater amplitude of the S-cluster under sham stimulation relative to the atDCS in the high conflict condition suggests that the processed conflict between the intensities of the two syllables presented in both ears may be larger when sham stimulation was applied. It therefore seems that prefrontal atDCS reduces early processing of sensory conflicts. However, an attenuated early processing of sensory conflicts alone is not sufficient to alter the resolution of conflicts and behavioral efficacy.
4.3
Limitations The current study only used an anodal stimulation protocol and did not include a cathodal stimulation protocol. We chose to focus on the anodal stimulation protocol since many of our previous work has already shown that performance (e.g. accuracy in responding) in the most difficult condition is low (Adelhöfer et al., 2018; Susanne Passow et al., 2014) . This is also shown in the current data (cf. Figure 2 and behavioral data analyses). A cathodal stimulation protocol bears the risk that performance could have dropped further in the most difficult condition rendering performance at chance level, which would impose some interpretation M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT atDCS modulates attentional gain control 14 issues. More importantly, however, is that enough correct trials are needed to obtain a reasonable signal-to-noise ratio (SNR) in the EEG data in the most difficult condition. This is not necessarily a-priori warranted if an additional cathodal stimulation procedure were also included in the design. Future studies of attention-perceptual conflicts with other paradigms and design are necessary for directly comparing effects of anodal and cathodal stimulations.
4.4
Conclusion and outlook In summary, we showed that the right prefrontal regions are causally involved in resolving perceptual-attentional conflicts and that atDCS increases the efficacy to do so. The data show that dissociable neurophysiological signals are specifically affected by atDCS. Especially conflict resolution processes that may involve inhibition of competing stimuli and response evaluation and which are associated with right middle and inferior frontal gyrus (BA46) seem to become intensified by atDCS during the resolution of perceptual-attentional conflicts. The early stimulus processing level was also less prone to sensory conflicts, but this alone could not explain the increased behavioral efficacy associated with atDCS. The effects observed likely reflect changes in neuronal gain control mechanisms. Similar effects have already been reported to be associated with catecholaminergic modulations as revealed by effects of dopamine genotype or dopamine pharmacology (Adelhöfer et al., 2018) . Similarities between dopamine modulatory and tDCS stimulation effects on processes of perceptual-attentional conflict resolution notwithstanding, the specifics involving functional anatomical regions of the fronto-parietal network differ. In order to better understand how these two types of neuronal gain control may jointly affect mechanisms of cognitive and perceptual conflict resolution, future studies need to investigate interactions between pharmacological and tDCS intervention. Since aging is associated with under-recruitment of regions in the fronto-parietal network during attention control (S. Passow et al., 2014) , working memory (Rieckmann et al., 2012) or sequential decision making (Eppinger et al., 2015) , the enhancing effects observed here suggest that prefrontal atDCS may be a promising means to improve older adults' attention and cognitive control functions, although stimulation intensity and duration may need to be adapted for older age groups. Furthermore, results of this study might also have implications for treating attentional hyperactivity disorder, for which dopamine medications are the common therapies. 
Figure 2
Depiction of behavioural response data (mean ± SEM). A significant three-way interaction between all experimental factors is evident in the IES score (right panel). Please note that a significant stimulation effect is only present in the focus left, high conflict condition (asterisk). In the figure, solid lines denote the focus left condition, dashed lines the focus right condition.
Figure 3
Depiction of electrophysiological results decomposed to the S-cluster. The data in the P1 and N1 time windows are shown for electrodes C5 and C6, in the different experimental conditions. The focused left condition is shown in the upper row, the focused right condition is shown in the lower row. The different colours of the S-cluster traces denote the different conflict conditions and whether sham tDCS or atDCS was applied. The different scalp topography plots are shown for the peak of the voltages in the P1 and N1 time window for the different conflict levels as well as the sham tDCS and atDCS condition. 
